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The analysis based on the second law of thermodynamics of a lightweight vapor com-
pression refrigeration system is presented. A small-scale linear compressor was applied in
a DC-powered portable cooler for vehicles and for the medical field, using finned-tube
heat exchangers and R600-a (Isobutane) as the working fluid. The cooler was tested in an
environmental chamber (with controlled temperature and humidity) under three differ-
ent ambient temperatures (21, 25 and 32 °C) in order to measure key parameters of the
system, such as cooling capacity, power consumption and internal air temperature. For the
comparison of thermodynamic irreversibilities, a conventional vapor compression re-
frigerating system was also tested under the same ambient conditions. Results indicated
that the system with the proposed lightweight system kept the lowest internal air tem-
perature with higher coefficients of performance, showing how a lightweight cooling unit
can enlarge the use of refrigerating systems due to its attributes.
& 2016 The Author. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The miniaturization of vapor compression refrigeration units brings important features related to portability, such as
small size and lightweight. Furthermore, it also provides higher energy efficiency than thermoelectric cooler, which implies
higher energy autonomy. Thus, the high cooling capacity per mass ratio allows lightweight cooling units to fulfill the gap
currently found in cooling applications where portable and efficient systems are needed.
In order to evaluate the lightweight and portable cooler using the small-scale compressor, a conventional system that
uses a reciprocating DC (direct current) compressor was tested and compared with the proposed cooling unit. Key para-
meters as power input and internal air temperature were used to evaluate the cooling capacity and coefficient of
performance.
Furthermore, an experimental mapping of the thermodynamic losses of each portable cooler was performed, based on
the methodology suggested by Gonçalves et al. [3]. Nevertheless, others similar studies [1,5] have been introduced in the
literature and can be implemented in further studies. Hermes and Barbosa [6] also performed an experimental evaluation of
peltier, vapor compression and stirling portable coolers using Gonçalves et al. [3] approach. This analysis allowed the
comparison between different cooling technologies with respect to the same thermodynamic baseline.
The purpose of the paper is to present a compact vapor compression cooling unit that uses a small-scale compressor as
the main component. A brief description of the compressor and heat exchangers will be presented. The use of an en-
vironmentally-friendly refrigerant combined with an efficient and lightweight compressor indicates the potential of the
portable cooling units for low-capacity mobile cooling applications.r Ltd. This is an open access article under the CC BY-NC-ND license
.
Nomenclature
COP Coefficient of performance (–)
Q̇ Cooling capacity (W)
T Temperature (K)
UA Thermal conductance (W/K)
Ẇ Power input (W)
ΔT Difference of temperature (K)
η Efficiency (–)
Subscripts
actual actual
c cold end
e external
ext external
h hot end
i internal
ideal ideal
int internal
overall overall
G.B. Ribeiro / Case Studies in Thermal Engineering 7 (2016) 47–54482. Lightweight vapor compression cooling unit
Both cooling units were developed to refrigerate a 30 l compartment used in mobile cooling applications for commercial
vehicles, organ transport and leisure purposes. The commercially available cooling unit uses a reciprocating compressor
which operates with R134-a. Moreover, the commercial unit uses a roll-bond type evaporator that extracts heat from the
box by means of natural convection, whereas a finned-tube condenser was applied on the hot side of the refrigerating
system. The commercial cooling unit used as the baseline product can be considered as a highly efficient product, since most
of compact coolers consist in thermoelectric coolers with lower coefficient of performance than vapor compression re-
frigeration systems.
The main objective of the proposed cooling unit is to offer an option for the current product, with lower weight, higher
efficiency and using a refrigerant fluid less harmful to the environment.
The working fluid used by the lightweight cooling unit was R-600a (Isobutane), which is employed in several re-
frigeration systems because of its lower global warming impact. A capillary tube/suction line heat exchanger was applied, in
order to decrease refrigerant quality at evaporator inlet and to avoid refrigerant as saturated liquid inside the compression
chamber. A standard diameter of 1/8″ (3.17 mm) copper tubing was used to connect the refrigerating components due to its
high mechanical flexibility inside space gaps found during the assembly.
For the prototype, the chosen structural material that surrounds the unit was acrylic and the insulating material that
separates the evaporator side from the condenser side was polyurethane foam. Since heat infiltration through the unit is an
issue that must be avoided, the thermal conductivity of the structural parts must be low. Fig. 1 shows the portable cool box
where the lightweight cooling unit is installed.
2.1. Lightweight compressor
The lightweight compressor used in the unit is manufactured by Embraco and consists of an electronically-controlled
hermetic linear compressor. The compressor is controlled by an electronic board (155070 mm3). The linear motion of
the motor is transmitted to the piston by means of a resonant spring. It has a cylindrical shape (diameter of 60 mm and
160 mm in length) and weights 1.3 kg. The thermodynamic performance of the lightweight linear compressor and theFig. 1. Lightweight cooling unit.
Table 1
Compressor performance.
Type Lighweight linear compressor Reciprocating compressor
Cooling Capacity (W) 19 54
Power input (W) 20 33.6
Weight (kg) 1.3 4.3
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temperatures with a superheating and sub-cooling of 32 °C) can be seen in Table 1.
Since the lightweight compressor present much lower refrigerant mass flow rate than the reciprocating compressor
under low back pressure, an increase of heat transfer conductance of heat exchangers is mandatory in order to achieve the
requested cabinet internal temperature.
One of the lightweight compressor's main features is orientation independence, which means it can operate in any
position, regardless the gravitational orientation. This is possible because the compressor does not require any fluid as
lubricant. This feature allowed the compressor to be installed in a vertical orientation, allowing several lay-out options for
the refrigerating circuit.
The fact that the lightweight compressor works without lubricant oil brings also some environmental advantages. There
will be no contamination of soil and groundwater in case of an improper oil disposal and a variety of refrigerating fluids can
be applied, since there is no oil-refrigerant chemical interaction. In addition, as the lightweight compressor presents re-
duced dimensions, it consumes fewer raw materials compared to a conventional compressor.
2.2. Heat exchangers
The evaporator and the set condenser used in this study were finned-tube heat exchangers with louvered fins, in order to
enhance the air-side heat transfer [9]. The condenser has a tubing circuit of four transversal tubes and two longitudinal
tubes, whereas the evaporator has two tubes transversal and five tubes longitudinal to the air flow. The tube pitch and the
depth row pitch were 25 mm and 22 mm, respectively and both tube banks presented a staggered arrangement. The
condenser had a tube length of 120 mm and the evaporator, 150 mm. Standard copper tubes of 5/16″ (7.94 mm) were used
to produce the heat exchangers.
Moreover, the louvered fins presented a fin thickness of 0.1 mm and were made of aluminum. A fin pitch of 1 and 8 mm
was applied for the condenser and evaporator, respectively. The air flow through each heat exchanger was supplied by 12
Vdc compact fans manufactured by EBMPAPST. One fan model 8312 were used for the evaporator, whereas the fan model
8212JN were applied for the condenser. Table 2 shows the thermal conductance (UA) of heat exchangers used at the
lightweight and commercial cooling unit.3. Experimental procedure
For the test runs of the cooling units, the ambient temperature controlled by the environmental chamber was varied at
three temperatures: 21, 25 and 32 °C. For all cases, the refrigerated air temperature was measured at the geometrical center
of the compartment. The thermocouple inside the compartment was brazed in cylindrical shape structures made of copper,
as recommended by the standard ISO/FDIS 15502 [7]. Additionally, the used type-T thermocouple provided a measurement
uncertainty of 70.5 °C.
Two refrigerant pressure taps were measured at compressor inlet and outlet, using an absolute pressure transducer with
an uncertainty of 71%. The power consumption of the compressor and heat exchangers fans were measured by means of a
digital power analyzer with a measurement uncertainty of 70.1%.
Overall, three evaluation tests were performed for each cooling unit and six tests were used at the final analysis. The
cooling capacity, coefficient of performance and the second law system efficiency under different ambient temperatures are
the performance factors applied in this study. All results were analyzed under stabilized state-state conditions, without any
control of the internal air temperature.Table 2
Heat exchanger thermal conductance.
System Lightweight Unit Commercial Unit
Evaporator type Forced convection finned-tube Natural convection roll-bond
Evaporator thermal conductance 2.32 W/°C 0.92 W/°C
Condenser type Forced convection finned-tube Forced convection finned-tube
Condenser thermal conductance 8.41 W/°C 9.25 W/°C
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The coefficient of performance of the refrigeration system is calculated as a ratio between cooling capacity and power
input as
=
̇
̇ ( )COP
Q
W 1actual
where Q̇ is the cooling capacity and Ẇ is the total power consumption of the portable cooler. The cooling capacity of the
refrigerating system is obtained as a function of the internal and external environmental temperatures, Ti and Te, as follows
̇ = ( − ) ( )Q UA T T 2e i
whereUA is the overall thermal conductance of the compartment. The technique used to estimate the thermal conductance
was the reverse heat leakage method [8].
The coefficient of performance of an ideal refrigerating system, based on Carnot cycle, also depends on the environ-
mental temperatures as
=
− ( )
COP
T
T T 3ideal
i
e i
As suggested by Hermes and Barbosa [6], external irreversibilities due to the heat transfer with finite temperature
difference in heat exchangers can be evaluated according to the coefficient of performance COPext , calculated as
=
−
= − Δ
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where ΔTc is the temperature difference between the refrigerated compartment and the evaporating temperature. By the
same token, ΔTh represents the temperature difference between the ambient and condensing temperature, as indicated in
Fig. 2.
Furthermore, the refrigeration efficiency associated with internal thermodynamic losses (compression and expansion
irreversibilities) can be evaluated through the ratio of the coefficient performance of the real portable cooler COPactual, with
the ideal cooler based on the finite temperature difference for the heat exchangers, COPext . Thus, the second law efficiency ηint
can be defined [2] as
η =
( )
COP
COP 5
actual
ext
int
Similarly, the second law efficiency related with external losses (heat transfer based on the temperature difference
between flow streams) is obtained from
η =
( )
COP
COP 6ext
ext
ideal
Accordingly, the overall refrigeration system efficiency taking into account internal and external irreversibilities is given
by
η η η= =
( )
COP
COP 7overall
actual
ideal
int extFig. 2. Thermodynamic representation of a refrigerating machine [6].
Fig. 3. Cooling capacity as a function of the ambient temperature.
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Fig. 3 presents the behavior of the cooling capacity as function of the ambient temperature. For both cooling units, the
cooling capacity slightly increases with the increasing ambient temperature. As expected [4], the cooling capacity of a
general refrigerating system tends to increase with the rise of evaporating temperature, as well as the decreasing con-
densing temperature. Since evaporating and condensing temperatures increase with the environmental temperatures, the
net effect resulted in a higher influence of the evaporating temperature for all studied refrigerating systems.
Moreover, as indicated in Fig. 3 the cooling unit that operates with the lightweight compressor presented higher cooling
capacities that the cooling unit with the reciprocating compressor. In the former case, the use of a forced convection heat
transfer mechanism via a finned-tube evaporator increased the evaporating temperature and, therefore, the cooling
capacity.
Fig. 4a–c presents the coefficients of performance COPideal, COPext , and COPactual as a function of the ambient temperature.
As can be seen, the coefficients of performance decrease with the increasing ambient temperature, indicating that the
increase of the condensing temperature had a more pronounced effect than the increase of the evaporating temperature.
Since the commercial cooling unit produced lower cooling capacities, the temperature difference between external and
internal air was lower, thus, resulting in a higher ideal coefficient of performance.
The internally ideal and actual coefficients of performance indicate that the lightweight cooler presented higher values
than the conventional cooler for all tested conditions. On the other hand, it has been seen that the difference between actual
coefficients of performance decreased with the increasing ambient temperature. Additionally, results have indicated a
substantial difference between the actual and the internally ideal coefficient of performance, indicating a larger room for
improvement on the expansion and compression processes of the portable coolers.
Fig. 5a–c presents the efficiencies ηint, ηext , and ηoverall as a function of the ambient temperature. These results confirm the
fact that the internal losses in both cooling units have a major contribution on the overall thermodynamic irreversibilities.
Furthermore, it can be seen that the cooling unit with the reciprocating compressor presented higher internal efficiency
than the cooling unit with the small-scale compressor. However, the external efficiency of the lightweight cooling unit, due
to the use of a forced convection finned-tube evaporator, overcomes the internal thermodynamic irreversibilities. At the
end, the lightweight cooling unit presented higher efficiency than the commercial cooling unit. These conclusions can also
be interpreted using the available data in Tables 1 and 2. As shown in Table 1, the lightweight compressor provides higher
power input and consequently, produces more internal irreversibilities than the reciprocating compressor. Then, the cooling
unit that operates with the lightweight compressor presented lower second law internal efficiency than commercial unit.
However, the use of a high thermal conductance evaporator of the lightweight unit (see Table 2) generated much less
external irreversibilities and higher evaporating temperatures than the commercial roll-bond evaporator. Thus, it can be
concluded that the use of finned-tube evaporator is the main reason why a higher overall efficiency was achieved for
lightweight cooling unit, compensating the thermodynamic irreversibilities provided by the lightweight compressor.6. Conclusions
In order to consider the feasibility of using a small-scale linear compressor in a refrigerating system for portable coolers,
tests were performed and results were compared against an available cooling unit with a DC reciprocating compressor.
The small-scale compressor uses a linear motor electronically controlled by a printed circuit board. Finned-tube heat
exchangers and the capillary tube are the other components used in the refrigeration circuit. The system operates with
Fig. 4. (a) Coefficient of performance at ambient temperature of 21 °C. (b) Coefficient of performance at ambient temperature of 25 °C. (c) Coefficient of
performance at ambient temperature of 32 °C.
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and fewer raw materials.
Test results have shown that the cooling capacity increased with the ambient temperature, whereas the coefficient of
performance decreased with the ambient temperature. Furthermore, results have shown that the lightweight cooling unit
presented higher cooling capacities and actual coefficients of performance, under the tested ambient temperatures. Also,
Fig. 5. (a) Second law efficiency at ambient temperature of 21 °C. (b) Second law efficiency at ambient temperature of 25 °C. (c) Second law efficiency at
ambient temperature of 32 °C.
G.B. Ribeiro / Case Studies in Thermal Engineering 7 (2016) 47–54 53tests have indicated that the lightweight cooling unit had lower internal efficiency and higher external efficiency than the
commercial cooling unit. Nevertheless, due to the use of forced air convection along the evaporator, the external efficiency
compensated the internal thermodynamic losses. Finally, it was concluded that the internal irreversibilities have a major
contribution on the overall second law efficiency for both cooling units.
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